Materials for capacitive energy storage with high energy density and low loss are desired in many fields. We investigate several polymers with urea and amide functional groups using density functional theory and classical molecular dynamics simulations. For aromatic polyurea (APU) and para-aramid (PA), we find several nearly energetically-degenerate ordered structures, while meta-aromatic polyurea (mAPU) tends to be rotationally disordered along the polymer chains. Simulated annealing of APU and PA structures result in the formation of hydrogenbonded sheets, highlighting the importance of dipole-dipole interactions. In contrast, hydrogen bonding does not play a significant role in mAPU, hence the propensity to disorder. We find that the disordered structures with misaligned chains have significantly larger dielectric constants, due to significant increase in the free volume, which leads to easier reorientation of dipolar groups in the presence of an electric field. Large segment motion is still not allowed below the glass transition temperature, which explains the experimentally observed very low loss at high field and elevated temperature. However, the degree of disorder needs to be controlled, because highly entangled structures diminish the free dipoles and decrease permittivity. Among the considered materials, mAPU is the most promising dielectric for capacitive energy storage, but the concept of increasing permittivity while maintaining low loss through disorder-induced free volume increase is generally applicable and provides a new pathway for the design of highperformance dielectrics for capacitive energy storage. 
I. Introduction
In the quest for quickly storing and releasing electrical energy, capacitors stand apart both by releasing energy 300-2000 times faster [1] than batteries and by being able to undergo ~10 6 charge-discharge cycles, in contrast to ~10 3 for batteries. However, the maximum density of energy stored in capacitors is much lower than that of batteries, hence the quest for better dielectric materials with much higher effective dielectric constant. Among candidate dielectrics, polymers are particularly attractive because of their high breakdown strength, gentle failure, i.e., remaining insulators even at breakdown, easy processability and light weight. However, the stateof-the-art commercial polymer for energy storage, biaxially oriented polypropylene (BOPP) has a dielectric constant of only 2.2 [2] . With the low permittivity, the energy density is only moderate at 4 J/cm 3 . Although the loss in BOPP is very low (0.02%) at moderate electric fields [3] , the conduction loss increases significantly at high field [4] , and operating temperatures above 85 reduce the breakdown strength [5] .
Both experimental and computational efforts have been devoted to finding new polymers with enhanced properties. One route is the ferroelectric copolymer/terpolymer system based on polyvinylidene fluoride (PVDF) [6] [7] [8] [9] , which have a dielectric constants of 10-50. In particular, polymers of VDF and "defect" co-polymers chlorotrifluoroethylene (CTFE) or hexafluoropropylene (HFP) have energy densities greater than 18 J/cm 3 [6, 8] , far more than PVDF alone. Our previous work uncovered the reason for this enhancement: a reversible, non-polar to polar phase transition occurs as high electric field is applied and then released [7] . In PVDF with low copolymer concentration (<20%), the non-polar α phase has the lowest energy, but the polar β phase 3 is preferred in high electric field. The electric displacement D increases non-linearly during the non-polar to polar phase transition, which leads to the ultra-high energy density. A geometrical transition pathway with low energy barrier that makes the transition thermally accessible was identified [9] . The role of the copolymers is both to lower the activation energies and to nanostructure the polymer into domains, enabling a gradual and smooth transformation. Other copolymers, such as tetrafluoroethylene (TeFE) [10] , trifluoroethylene(TrFE) [11] and their combinations have been tested experimentally to maximize the dielectric performance. However, the PVDF-based systems are not suitable for working temperatures higher than 150 , and they exhibit unacceptably high losses due to remanent polarization. Recently, an alternative route to high performance dielectric polymers was discovered [12] [13] [14] : the aromatic polyurea/polythiourea family of polymers have permittivities of 4.2-5.6 in broad temperature and frequency ranges, and they have significantly lower losses at high field than BOPP. Polyureas have already been widely used in industry, in applications focusing on their great elasticity and strength. Moreover, aromatic polyureas have been reported to have sizable pyroelectric, piezoelectric and nonlinear optical properties more than a decade ago [15] [16] [17] [18] [19] , suggesting their potential as capacitive dielectrics. All polymers in this family have functional groups with large dipole moments, i.e., urea, thiourea and amide, but they do not form a ferroelectric phase as PVDFbased materials do. This aspect eliminates a large potential factor for loss. The polyureas act thus as linear dielectric materials, in which the relation between the energy density U and the applied electric field E is simply , where is the vacuum permittivity, and is the relative permittivity. Therefore, the relative permittivity is the key to high energy density. In this work, we study three members in the aromatic polyurea family, aromatic polyurea (APU) [13] , meta-aromatic polyurea (mAPU) [14] and para-aramid (PA). Their chemical formulas are shown in Fig. 1 . We use atomistic simulations, combining results from both density functional theory (DFT) and classical molecular dynamics (MD) to search for the relation between microscopic structures and the dielectric properties. Significantly, we find larger dielectric constants in structures that either are disordered with partially misaligned chains or blended into nano domains. However, substantial entanglement has a negative effect on permittivity, due to a reduced number of large effective dipole groups. This indicates that the degree of disorder needs to be controlled. We attribute the enhancement of the dielectric response to disorder-induced increase in the specific volume, compared to ordered crystal-like structures. The larger free volume 5 leads to easier re-orientation of the dipolar functional groups in response to an external field, and therefore to a larger permittivity. Our findings demonstrate a promising way to enhance the permittivities of linear dielectrics without introducing high loss.
The rest of the paper is organized as follows: Section II describes the theoretical background and computational details, Section III presents the results and discussion, while Section IV contains summary and conclusions.
II. Theory and computational details

A. Theoretical background
In this work we focus on calculation of , so we omit the subscript "r" in the following. In general, permittivity is a complex and frequency-dependent quantity ,
where and are real and is the dielectric loss. In anisotropic materials, permittivity is a complex tensor that depends on the orientations of the field and the sample. The elements of the static permittivity tensor ε αβ (0) have both electronic and ionic contributions, which can be expressed as [20] [21] [22] [23] [24] 
where and stand for the three Cartesian directions, ∞ is the electronic dielectric constant, is the volume of simulation supercell, is Boltzman constant, and T is temperature.
is the covariance of two dipole moment components, . 
where 0 . The imaginary part of is the loss.
B. Computational details.
The classical MD code LAMMPS [25] is used in this work, with force field reaxFF. We employ different force fields for urea-based polymers [26] and amide-based polymers [27] . The use of reaxFF is essential in our simulations, because it is able to capture the variation of atomic charges and thus results in a more realistic dielectric response, and charge variation affects the total dipole moment. Simulated annealing is used to obtain microscopic structures with the following schedule: 600 K equilibration of 1 ns in the NPT ensemble, cooling to 300 K at the rate of 25 K/100 ps, and equilibration time of 1 ns at 300 K in the NPT ensemble. Nosé-Hoover thermostat [28, 29] is used for temperature and pressure control with the target pressure set to 0. The time step is fixed at 0.5 fs throughout the MD simulation. Our simulation cell contains 8 independent polymer chains and each chain has 8 monomers. The chains extend periodically through the system. For different polymers, this simulation cell has 896 to 1024 atoms in total. In the final run of 1 ns at 300K, the dipole moment is sampled every 10 fs in the NVT ensemble.
In the DFT part of our simulation, the plane wave code Quantum Espresso [30] is employed.
We choose ultrasoft [31] pseudopotentials with exchange-correlation functional PBE+D [32, 33] .
Energy cutoffs of 35 and 420 Rydbergs are used for electron wave functions and electron charge density, respectively. To save the computational time in the DFT part, a smaller simulation cell with 2 infinite chains with 4 monomers each is used. After optimization, all force components are smaller than 0.01 eV/ , and the cell parameters are relaxed until all stress components are smaller than 0.5 KBar. The electronic permittivity tensor for the lowest energy structure is obtained from density functional perturbation theory (DFPT) [34] .
C. Effects of cell size and interatomic potential
Based on the methodology described above, the ionic permittivity is calculated in two mAPU simulation cells, containing 8 and 64 monomers, respectively. high noise level, the noise in low frequency loss in the 64-monomer cell is very small. Part of the reason is that the geometry is artificially constrained in the small cell. Fig. 3 compares the atomic configurations in the two cells. The 64-monomer cell has a more realistic geometry. The neighboring urea units are close to each other because the strong dipole-dipole interaction lowers the total energy. On the other hand, the phenylene groups do not favor being in close proximity to each other. Therefore, each phenylene group is in the middle of two phenylene groups of the next chain. However, such configuration is not accessible in the small 8-monomer cell. Because there are only two independent chains, chains 1 and 3 have to be identical. Due to the more favorable packing, the 64-monomer unit cell has total energy 5.6 meV/atom lower than the 8-monomer cell.
Moreover, the average ionic permittivity of 64-monomer unit cell is 0.8 higher than that of the small cell. To show the difference is due to different geometries instead of a size effect, we calculated the ionic permittivity of a 32-monomer unit cell. It captures the same geometry as the 64-monomer unit cell. The spherically averaged permittivity is 2.69, which differs by less than 0.2 from the 64-monomer result. These results show that a realistic geometry is very important for calculating ionic dielectric properties.
Turning to electronic permittivities, the 8-monomer cell has ε xx (∞)=3.09, ε yy (∞)=2.63, It indicates that the electronic permittivity is not sensitive to the packing of polymer chains.
Therefore, we use the small unit cell to calculate electronic permittivities for the systems considered here. Table I . The ionic permittivity calculated using the fixed charges is one order of magnitude smaller than the one calculated with the varying charges. This is the reason we choose reaxFF, although it is much more expensive than a fixed-charge force field. 
III. Results and Discussion
To search for possible ordered structures, four initial guesses of geometries are created, as displayed in Fig. 4 . Since all the polymers have dipolar functional groups, the dipole moments in After simulated annealing, several ordered crystal-like structures are found for these polymers.
We obtain four different ordered structures for APU, shown in Fig. 5(a)-(d) . The energy differ-ence between the four structures is ~20 meV/atom in reaxFF and only ~4 meV/atom at the DFT level. The lowest energy structure has urea units with the anti-parallel arrangement. Interestingly, only one of the four starting mAPU geometries converges to an ordered crystal-like structure, which is shown in Fig. 5(e) . The other three converge to disordered structures, in which the chains are misaligned in the xy-plane, as shown in Fig. 5(f)-(h) . The disordered structures still have infinite polymer chains along the z-axis. There is no entanglement between the chains and the structures are still highly anisotropic. The three misaligned structures have total energies ~20 meV/atom higher than the ordered structure in reaxFF, similar to the energy variation between ordered APU structures. The four starting geometries of PA converge to two different ordered structures. The energy difference is ~6 meV/atom in reaxFF and <1 meV/atom at the DFT level.
Uniquely among the polymers studied in this work, PA has dipolar amide linkers pointing in opposite directions in the same chain. Therefore, regardless of inter-chain arrangements, PA has an antiparallel structure and zero spontaneous polarization. We thus find that the lowest energy structures of APU, mAPU and PA all have zero spontaneous polarization, in agreement with experiments [13, 14] .
Many of the APU and PA ordered structures arrange into sheets. The dipolar functional groups form hydrogen bonds linking neighboring chains, and the linked chains form hydrogenbonded sheets (H-sheets). H-sheets of APU and PA are shown in Fig. 6 . However, the only mA-PU ordered structure does not have such nanostructure. Instead, the ureas form antiparallel dipole pairs as shown in Fig. 3 . Therefore, the interactions between nearby dipoles in mAPU are weaker than those in APU and PA. The tendency of mAPU to be disordered is facilitated by weaker interactions between the dipole units. The ionic and electronic contributions to the dielectric constants of the ordered structures, calculated according to the methodology described in Sec. II, are listed in Table II . For the polymers that have more than one ordered structure, the lowest energy one is selected. As mentioned in Sec. II, the spherically averaged electronic permittivities are similar for all the studied struc-14 tures of each polymer. It shows that the electronic permittivity does not depend on the packing and arrangement of individual chains. However, the ionic contributions strongly depend on atomic geometries. Moreover, we find that the misaligned disordered structures of mAPU have significantly larger ionic permittivities than the ordered one. The average ionic contribution and total dielectric constant of disordered mAPU structures are listed in Table III . The reasons for enhancement are explained in Ref. [35] : The three misaligned structures have specific volumes ~12% larger than the ordered structure. In particular, dipole reorientation is facilitated by the larger free volume, enhancing permittivity. Suppression of periodicity also allows for lower frequency optical phonons, which enlarge the dielectric constant. However, the polymer chains are still closely packed and large segment motion, which would lead to high loss, is not feasible.
To confirm that the enhancement is induced by disorder, we study similar effects in APU and PA. For these two polymers, a disordered structure cannot be obtained from annealing. Therefore, we artificially create a mixture of the four starting geometries shown in Fig. 4 . To test the reliability of this procedure, we also use it to create a mixed structure of mAPU. The same simulated annealing procedure is applied to the mixtures before calculating the ionic permittivities.
The ionic and total permittivities of the blended structures are shown in Table III . The test for the blended mAPU structure suggests that this approach is reasonable, because it leads to the same total energy and similar ionic permittivity as for the annealed single structures. A similar enhancement of ionic permittivities for the blended structures is also found in APU and PA, cf. Tables II and III . These results unequivocally show that the enhancement in ionic permittivity is due to disorder, either thermally induced or through the formation of nano domains. This enhancement suggests a new way to increase the dielectric constant while avoiding high loss due to large segment motion. The larger ionic permittivity in disordered structures motivated us to study a highly entangled model, which has an even larger degree of disorder. A simulation cell is prepared where a random coil consisting of a finite 100-monomer mAPU chain and its replicas fill the entire space.
The same simulated annealing procedure is applied. After annealing, the highly entangled disordered structure has a similar specific volume as the misaligned disordered structures, but it is essentially isotropic. The annealed unit cell with a fully unwrapped chain is shown in Fig. 7 . However, the ionic permittivity of the highly entangled structure is just 2.2, compared to the 3.86 average of the misaligned structures.
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In the misaligned structures, all polymer chains are still essentially straight and uniaxial. The urea units are all in the same configuration shown in Fig. 8(a) , which has the maximum dipole moment because the dipoles of the C=O bond and the two N-H bonds point in the same direction.
However, the polymer chain in the highly entangled structure has many turning points. At the turning points, reorientation of bonds reduces the dipole moments of the urea units. Figs Comparing the results for the ordered (Table II) , misaligned (Table III) and entangled structures to experimental values also listed in Table II , we note that the theoretical values do not fully reproduce the experimental ones. There are several potential sources of errors. The electronic permittivities, calculated from first-principles by DFT, are probably quite accurate. The ionic permittivities, calculated using the variable-charge reaxFF force field, are likely to be less precise. The variable charge aspect, as shown in Table I , is important, because the ionic permittivities calculated with the fixed-charge potential are unphysically small. However, the largest source of discrepancy between the theoretical and experimental results is likely due to differences in structures. The theoretical unit cells contain up to ~1000 atoms and are annealed for ~ 1ns.
The experimental polymer chains contain thousands of atoms each and the film deposition times are obviously far longer. Furthermore, the experimental structures may consist of different nano and micro domains: ordered, misaligned and entangled. Nevertheless, the simulations clearly reproduce the experimental trends in permittivity and the well-known tendency of para-aramid to form hydrogen-bonded sheets. The disorder-induced increase in permittivity, discovered through simulations, has also been confirmed experimentally [35] .
IV. Summary and Conclusions
We have investigated the dielectric properties of different microscopic geometries of three urea/amide based aromatic polymers using atomistic simulations: aromatic polyurea (APU), meta-aromatic polyurea (mAPU), and para-aramid (PA). In all three cases, the average electronic permittivity is largely independent of the detailed atomic arrangement of the chains. However, ionic permittivity is closely related to the microscopic geometry. A realistic geometry is thus very important for calculating the dielectric properties.
The ionic part of the dielectric constant has been calculated using molecular dynamics with the interatomic force-field potential reaxFF. In order to obtain reliable results for these highly dipolar polymers, it is essential to use variable-charge potentials.
Several starting geometries have been used to form polymer models to be optimized by simulated annealing. For APU and PA, simulated annealing resulted in various energetically-close ordered structures. Their calculated dielectric constants agree well with experimental data. For mAPU, we uncovered a strong propensity for disordered structures with misaligned chains, due to weaker dipole-dipole interaction. The misaligned structures have significantly higher ionic permittivities than an ordered mAPU structure. The main reason for the enhancement is the larger free volume introduced by the disorder, which enables greater reorientation of dipolar groups as the electric field is applied. Moreover, disorder allows for lower frequency phonons, which also increases the ionic permittivity. Our studies of blended APU and PA structures consisting of different nano-domains further confirm that the enhancement is due to disorder. One should stress that the above mechanism of enhancing the ionic permittivity by increasing the free volume does not lead to large segment motion. Therefore, it does not introduce high loss. However, we also find that in highly entangled mAPU structures, which have much greater disorder, the ionic permittivity is somewhat smaller than that of the ordered structure, although their specific volumes are similar to the misaligned structures. The lack of enhancement can be explained by the fact that entanglement leads to many turning points along the chains, and the urea units at the turning points have configurations with reduced dipole moments. These are less effective in responding to the electric field, hence a smaller dielectric constant. Our results thus suggests that entanglement of polymer chains should be reduced to a minimum, while still introducing rotational disorder along the chains.
Our findings suggest a different path to optimization of polymer dielectrics that could lead to much enhanced dielectric materials. Among the three polymers that we have studied, mAPU is the best candidate for energy storage due to its large dipole density and easy formation of the disordered structure.
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